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INTRODUCTION 

Corros ion  and d e p o s i t i o n  on engine  components a r e  p o t e n t i a l  b a r r i e r s  t o  t h e  u t i -  
l i z a t i o n  of  coa l  and  coa l -der ived  f u e l s  i n  h e a t  eng ines .  The U.S. Department of  
Energy h a s  e s t a b l i s h e d  a program t o  s tudy  mechanisms o f  a s h  d e p o s i t i o n ,  w i t h  t h e  
g o a l  of deve loping  methods t o  a l l e v i a t e  d e p o s i t i o n  problems i n  c o a l - f i r e d  gas  
t u r b i n e s .  Ash d e p o s i t s  a r e  formed i n  t h e  t u r b i n e s  by the  adherence of a sh  par -  
t i c l e s  t o  t h e  s u r f a c e s  of s t a t o r s  and b l ades .  During combustion, components of 
t h e  coa l  a s h  become mol ten  and t h u s  r e a d i l y  adhere  t o  me ta l  s u r f a c e s  i n  t h e  t u r -  
b i n e  upon impact ion  (F igu re  1) 111 .  Depos i t  growth can  be enhanced by t h e  fo r -  
mat ion  o f  a l i q u i d  l a y e r  on t h e  s u r f a c e  o f  t h e  a s h  p a r t i c l e s ,  which may c o n s i s t  
of a l k a l i  s u l f a t e s ,  a l u m i n o s i l i c a t e s ,  o r  low-melting compounds of i r o n  or c a l -  
cium [Z-51. T y p i c a l l y ,  some f r a c t i o n  of t h e  t o t a l  amount of ash  (denoted a s  t h e  
s t i c k i n g  c o e f f i c i e n t  [6,7]) a c t u a l l y  s t i c k s  t o  t u r b i n e  components forming a 
d e p o s i t .  

The tendency of  v a r i o u s  c o a l s  t o  form a s h  d e p o s i t s  d u r i n g  combustion i s  a func- 
t i o n  of s e v e r a l  v a r i a b l e s  inc lud ing  t h e  a s h  chemis t ry ,  the gas  tempera ture  and 
p r e s s u r e ,  t h e  gas  v e l o c i t y ,  and t h e  tempera ture  o f  t h e  t u r b i n e  components. The 
o b j e c t i v e  of  t h i s  work was t o  measure t h e  s t i c k i n g  c o e f f i c i e n t  of va r ious  c o a l s  
w h i l e  s tudy ing  t h e  b a s i c  mechanisms of  a s h  d e p o s i t  format ion  t o  f a c i l i t a t e  t h e  
development of t echn iques  f o r  p reven t ing  d e p o s i t i o n  i n  c o a l - f i r e d  gas t u r b i n e s .  
Two methods of m i t i g a t i n g  a sh  d e p o s i t i o n  were s t u d i e d ;  a c t i v e  cool ing  of t h e  
d e p o s i t i o n  t a r g e t ,  and t h e  use  of f u e l  a d d i t i v e s .  S u r f a c e  coo l ing  has  been  
shown to  be e f f e c t i v e  a t  reducing  a sh  d e p o s i t i o n  i n  b o i l e r s  [SI and i n  t e s t s  
i n  gas  t u r b i n e  s i m u l a t o r s  [ 9 ] .  Depos i t ion  r educ t ion  can a l s o  be accomplished 
by the  use of f u e l  a d d i t i v e s .  The i n j e c t i o n  of  a d d i t i v e s  which can  promote 
s p a l l i n g  of  weakly bonded a sh  has  been used i n  b o i l e r s  t o  reduce d e p o s i t  
s t r e n g t h  [SI. I t  has  been  proposed t h a t  a d d i t i v e s  can  a c t  a s  g e t t e r s  f o r  vapor 
phase  a l k a l i  [IO] t o  p reven t  t h e  format ion  of  low-melting a l k a l i  s u l f a t e s  which 
can  a c t  a s  a g l u e  t o  i n c r e a s e  d e p o s i t i o n .  The a d d i t i v e s  may a l s o  c o n t r i b u t e  t o  
t h e  e ros ion  of a s h  d e p o s i t s .  S p i r o  e t  a l .  [ l l ]  have r epor t ed  t h e  s u c c e s s f u l  
u se  of k a o l i n  c l a y  t o  reduce  d e p o s i t i o n  problems i n  a g a s  t u r b i n e  s imula to r .  

EXPERIMENTAL 

Experiments were performed i n  an  e l e c t r i c a l l y  hea ted ,  l a b o r a t o r y  s c a l e  drop- tube  
combustor des igned  t o  o p e r a t e  a t  t empera tures  up t o  1500 C and p r e s s u r e s  up t o  
12 atmospheres.  Th i s  combustor,  t h e  combust ion/depos i t ion  en t r a ined  r e a c t o r  
(CDER), i s  shown i n  F i g u r e  2 .  The r e a c t i o n  zone i n  t h e  CDER i s  50 .8  cm long  and 
5 . 1  Cm i n  d i ame te r .  The r e s idence  time of c o a l  p a r t i c l e s  i n  the  r e a c t i o n  Zone 
is approximate ly  500 ms. 
i z e d  c o a l  was e n t r a i n e d  i n  a i r  from a c i r c u l a t i n g  f e e d e r ,  and i n j e c t e d  i n t o  t h e  
reactor wi th  a t o t a l  a i r  f low r a t e  of  30 slpm. 
r e s u l t e d  i n  a r e l a t i v e l y  low equ iva lence  r a t i o  of 0.015, compared t o  o v e r a l l  

Approximately 3 grams p e r  hour of -400 mesh pu lve r -  

These f u e l  and a i r  flow r a t e s  
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equiva lence  r a t i o s  of approximate ly  0 .3  i n  gas  t u r b i n e s .  However, d e p o s i t i o n  
c h a r a c t e r i s t i c s  were shown t o  be independent of  equ iva lence  r a t i o  f o r  c o a l  
feed  r a t e s  v a r i e d  ove r  a n  o r d e r  o f  magnitude. 
experiments allowed longe r  sampling t imes  which inc reased  t h e  e a s e  and c o n s i s -  
t ency  of t h e  measurements. 

A t  t h e  e x i t  o f  t h e  r e a c t i o n  zone t h e  p roduc t s  of combustion were a c c e l e r a t e d  
through a 3.2 mm diameter  nozz le ,  c r e a t i n g  a j e t  which impinged on a f l a t  
p la t inum d i s k  a t  approximate ly  300 m / s ,  s i m i l a r  t o  t h e  gas  v e l o c i t y  expec ted  
i n  t h e  f i r s t  s t a g e  of a gas  t u r b i n e .  
f i g u r a t i o n  was c r e a t e d  such t h a t  a l l  p a r t i c l e s  g r e a t e r  t han  0.5 microns  i n  
d iameter  impacted on t h e  t a r g e t ,  a s  would occur  on t h e  l e a d i n g  edge of  a gas  
t u r b i n e  b l ade .  
mately 6 mm below t h e  nozz le  a p e r t u r e .  
a r e  shown i n  F igu re  3. Platinum was used a s  a t a r g e t  m a t e r i a l  because of  i t s  
i n e r t n e s s ,  t he reby  e l i m i n a t i n g  su r face  r e a c t i o n s  p e c u l i a r  t o  a s p e c i f i c  b l ade  
m a t e r i a l  which could  e f f e c t  t h e  exper imenta l  r e s u l t s .  The t a r g e t  s u r f a c e  was 
cooled from t h e  unde r s ide  by in t roduc ing  an  opposing j e t  of coo l ing  a i r .  
t h e  t a r g e t s  could  be cooled over  a range of tempera tures  by va ry ing  t h e  coo l ing  
a i r  f low r a t e .  
two-color o p t i c a l  pyrometer moni tor ing  t h e  backs ide  of t h e  p l a t inum t a r g e t .  

The r e a c t o r  i s  equipped w i t h  t h r e e  s e t s  of o p t i c a l  access  p o r t s  f o r  u s e  wi th  
a v a r i e t y  of n o n i n t r u s i v e  d i a g n o s t i c  i n s t rumen ta t ion  t h a t  i s  c u r r e n t l y  under 
development. 
ponents of t h e  exhaus t .  A more d e t a i l e d  d e s c r i p t i o n  of  t h e  CDER and i t s  asso-  
c i a t e d  in s t rumen ta t ion  has  been p resen ted  p rev ious ly  [12 ] .  

S t i c k i n g  c o e f f i c i e n t s  were determined by f i r s t  pas s ing  t h e  j e t  o f  gas  and  a sh  
p a r t i c l e s  th rough a f i l t e r  t o  de te rmine  t h e  t o t a l  mass a r r i v a l  r a t e .  A vacuum 
pump was used t o  draw t h e  gas  through t h e  f i l t e r ,  which was p o s i t i o n e d  i n  t h e  
same l o c a t i o n  a s  t h e  t a r g e t .  Then a t a r g e t  of known weight  was i n s e r t e d  i n  t h e  
j e t  and a d e p o s i t  was c o l l e c t e d  f o r  a s p e c i f i e d  p e r i o d  of time, u s u a l l y  10 min- 
u t e s .  The s t i c k i n g  c o e f f i c i e n t  was c a l c u l a t e d  a s  t h e  r a t i o  of t h e  weight  ga in  
of t h e  t a r g e t  t o  t h e  t o t a l  mass a r r i v i n g  a t  t h e  t a r g e t  (de te rmined  by t h e  f i l t e r  
sample).  
carbon i n  t h e  samples.  S ince  carbon was burned o u t  o f  t h e  d e p o s i t s ,  f i l t e r  
samples were ana lyzed  f o r  carbon con ten t  t o  c o r r e c t  t h e  a sh  a r r i v a l  r a t e  used  
t o  c a l c u l a t e  t h e  s t i c k i n g  c o e f f i c i e n t .  

The adhes ion  s t r e n g t h  of t h e  a sh  d e p o s i t s  was measured wi th  an  i n  s i t u  adhes ion  
s t r e n g t h  meter (ASM). The ASM (shown i n  F igu re  4 )  c o n s i s t s  of  a q u a r t z  l oad  
c e l l  connected t o  a l i n e a r  a c t u a t o r .  At tached  t o  the  l i n e a r  a c t u a t o r  i s  a 
ceramic probe mounted on a r o t a t i o n a l  s t a g e  f o r  p r e c i s e  c o n t r o l  of  t h e  probe  

probe i s  coupled d i r e c t l y  t o  t h e  CDER f o r  i n  s i t u  measurements. 
i s  app l i ed  t o  an  a sh  d e p o s i t  v i a  t h e  probe ,  t h e  load  c e l l  measures t h e  s h e a r  
fo rce  r equ i r ed  t o  b reak  t h e  d e p o s i t  f r e e  from t h e  p la t inum t a r g e t  a t  t h e  t e m -  

The c o a l  feed  r a t e  used i n  t h e s e  

A t  t h i s  v e l o c i t y ,  a s t a g n a t i o n  f low con- 

The 12 .7  mm diameter  p la t inum t a r g e t s  were p o s i t i o n e d  approx i -  
The nozz le  and t a r g e t  c o n f i g u r a t i o n  

Thus 

The t a r g e t  tempera ture  was measured throughout  each  t e s t  v i a  a 

An on- l ine  mass spec t rometer  was used  t o  moni tor  t h e  major  com- 

The f i l t e r  samples were quenched wi th  co ld  a i r ,  r e s u l t i n g  i n  unburned 

1 
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t: p e r a t u r e  of  t h e  r e a c t o r .  

p o s i t i o n .  The e n t i r e  u n i t  i s  mounted on a p r e c i s i o n  t r a n s l a t i o n  s t a g e ,  and t h e  
When p r e s s u r e  

! 

k 
b/ 
k 

RESULTS 

The b a s e l i n e  c o a l  used i n  t h i s  s tudy  was Arkwright P i t t s b u r g h  b i tuminous .  I n  
a d d i t i o n ,  a h ighly-c leaned  Kentucky Blue G e m  bituminous c o a l  was a l s o  s t u d i e d .  
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Chemical ana lyses  o f  t h e  Arkwright and Blue Gem c o a l s  a r e  shown i n  Table  1. 
A l l  data r epor t ed  h e r e  were c o l l e c t e d  a t  a tmospher ic  p r e s s u r e .  R e s u l t s  from 
tests u t i l i z i n g  t a r g e t  coo l ing  f o r  a sh  d e p o s i t i o n  m i t i g a t i o n  showed t h a t  a t  
lower  combustion ( exhaus t  gas )  tempera tures  (1100 C) ,  t a r g e t  coo l ing  had no 
e f f e c t  on  t h e  s t i c k i n g  c o e f f i c i e n t .  However a t  h ighe r  combustion tempera tures  
(1300 C ) ,  t a r g e t  c o o l i n g  produced a s i g n i f i c a n t  r educ t ion  i n  t h e  f r a c t i o n  o f  
adher ing  a s h  (F igu re  5 ) .  
depos i t s  were g r a n u l a r  i n  c h a r a c t e r  and e a s i l y  removed. Depos i t s  c o l l e c t e d  a t  
1300 C ,  a l t hough  s m a l l e r ,  were t i g h t l y  bonded t o  t h e  t a r g e t  su r f ace .  Scanning 
e l e c t r o n  microscope p a r t i c l e  s i z e  ana lyses  of  a sh  samples c o l l e c t e d  a t  t h e  two 
combustor t empera tu res  showed t h a t  t h e  h igh  tempera ture  combustion produced a sh  
p a r t i c l e s  less than  20 microns i n  d i ame te r ,  w i th  a peak i n  t h e  mass d i s t r i b u t i o n  
of approximate ly  5 microns .  Converse ly ,  a l a r g e  f r a c t i o n  of  t h e  low tempera ture  
a s h  was concen t r a t ed  i n  the p a r t i c l e  s i z e s  between 10 and 40 microns.  Only a 
s m a l l  f r a c t i o n  of t h e  ash  was conta ined  i n  p a r t i c l e s  sma l l e r  than  5 microns .  I t  
was proposed t h a t  t a r g e t  coo l ing  was e f f e c t i v e  a t  reducing  depos i t i on  a t  t h e  
h i g h e r  combustion t empera tu res  because  t h e  sma l l e r  p a r t i c l e s  were more e a s i l y  
cooled  i n  t h e  boundary  l a y e r  above t h e  cooled s u r f a c e ,  which e f f e c t i v e l y  f r o z e  
t h e  molten phases  i n  t h e  p a r t i c l e s .  
combustion t empera tu re  a r r i v e d  a t  t h e  t a r g e t  una f fec t ed  by t h e  cooled su r face .  
The da ta  sugges t  t h a t  a p r o p e r  combination of combustion h i s t o r y  and hardware 
su r face  t empera tu re  can  c o n t r i b u t e  t o  e f f e c t i v e  d e p o s i t i o n  m i t i g a t i o n  i f  t h e  
combustion p rocess  i s  t a i l o r e d  t o  produce f i n e  a sh  p a r t i c l e s .  A d e t a i l e d  
d i s c u s s i o n  of t h e s e  r e s u l t s  has  been p resen ted  e l sewhere  [ 1 3 ] .  

Three  a d d i t i v e s  were t e s t e d ;  l imes tone  and t r i c a l c i u m  s i l i c a t e  ( p o t e n t i a l  s u l f u r  
s o r b e n t s ) ,  and k o a l i n .  
t h e  coa l  p r i o r  t o  combustion i n  t h e  CDER. Figures  6 and 7 show t h e  e f f e c t s  
of t h e  a d d i t i o n  o f  v a r i o u s  amounts of k a o l i n  on t h e  s t i c k i n g  c o e f f i c i e n t  o f  
Arkwright coa l  a t  1100 and 1300 C ,  r e s p e c t i v e l y .  The d a t a  i n  F igu re  6 show 
t h a t  the  a d d i t i o n  of k a o l i n  had no e f f e c t  a t  a r e a c t o r  tempera ture  of 1100 C 
u n t i l  t h e  amount o f  added k a o l i n  roughly  equaled  t h e  weight  pe r  c e n t  o f  a s h  i n  
t h e  coa l .  Targe t  s u r f a c e  coo l ing  was i n e f f e c t i v e  a t  reducing  the  s t i c k i n g  
c o e f f i c i e n t  a t  any  pe rcen tage  of k a o l i n  a d d i t i o n  f o r  a r e a c t o r  tempera ture  of 
1100 C ,  a s  was t h e  c a s e  w i t h  t h e  Arkwright c o a l  a l o n e .  F igu re  7 shows t h e  
r e s u l t s  of s i m i l a r  tes ts  conducted a t  a r e a c t o r  tempera ture  of  1300 C .  A t  
t h i s  tempera ture ,  t h e  e f f e c t i v e n e s s  o f  k a o l i n  a d d i t i o n  was more pronounced. 
Inc reas ing  pe rcen tages  of k a o l i n  decreased  t h e  s t i c k i n g  c o e f f i c i e n t ,  and f u r -  
t h e r ,  k a o l i n  a d d i t i o n  enhanced t h e  m i t i g a t i n g  e f f e c t  of t a r g e t  coo l ing .  I n  
f a c t ,  t h e  s t i c k i n g  c o e f f i c i e n t  measured w i t h  7 . 5  p e r c e n t  k a o l i n  a d d i t i o n  and 
maximum t a r g e t  c o o l i n g  was t h e  lowes t  recorded  f o r  t h e  Arkwright c o a l  under  any 
r e a c t o r  c o n d i t i o n s  o r  w i t h  any o t h e r  a d d i t i v e  t e s t e d .  Th i s  s t i c k i n g  c o e f f i c i e n t  
was approximately a n  o r d e r  of  magnitude lower  than  t h a t  o f  t h e  Arkwright c o a l  
a l o n e  w i t h  cooled t a r g e t s  and approximate ly  two o r d e r s  of magnitude lower than  
Arkwright a lone  w i t h  no c o o l i n g  of  t h e  t a r g e t  s u r f a c e .  

Limestone a d d i t i o n  reduced t h e  s t i c k i n g  c o e f f i c i e n t  by an  o rde r  of magnitude 
a t  a r e a c t o r  t empera tu re  o f  1100 C ,  and t o  a l e s s e r  deg ree  a t  a t empera tu re  of 
1300 C (F igu res  8 and 9 ) .  
on the  s t i c k i n g  c o e f f i c i e n t  a t  e i t h e r  r e a c t o r  tempera ture .  
t o  r e s u l t s  of t e s t s  w i th  Arkwright c o a l  o n l y ,  and Arkwright p l u s  k a o l i n  which 
showed a n  o r d e r  o f  magnitude r educ t ion  in s t i c k i n g  wi th  t a r g e t  coo l ing  a t  a 
r e a c t o r  t empera tu re  of  1300 C .  Tests wi th  t r i c a l c i u m  s i l i c a t e  produced results 
s i m i l a r  t o  t hose  f o r  t h e  l imes tone  t e s t s .  T r i ca l c ium s i l i c a t e  was more e f f e c -  
t i ve  a t  1100 C ( F i g u r e  10). A t  a Ca/S r a t i o  o f  4 ,  t h e  s t i c k i n g  c o e f f i c i e n t  was 

S t i c k i n g  c o e f f i c i e n t s  were h ighe r  a t  1100 C and 

The l a r g e r  p a r t i c l e s  produced a t  t h e  lower 

These a d d i t i v e s  were ground t o  -400 mesh and mixed wi th  

However, coo l ing  t h e  d e p o s i t i o n  t a r g e t  had no e f f e c t  
This  i s  i n  c o n t r a s t  
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reduced approximately an order of magnitude, however there was no effect of 
target cooling. At a reactor temperature of 1300 C with Ca/S ratios less than 
1.0, the deposition characteristics were similar to Arkwright coal only, showing 
an order of magnitude decrease with target cooling (Figure 11). However, mix- 
tures with higher Ca/S ratios showed no reduction of sticking coefficient with 
target cooling. 

The addition of kaolin substantially reduced the adhesion strength of the ash 
deposits. Many of the deposits collected during the kaolin tests fell off of 
the targets as they were removed from the CDER. Thus, the measure of the stick- 
ing coefficient alone may not adequately assess the effectiveness of kaolin 
addition for deposition reduction, since the fraction of ash that does adhere 
is easily removed. Kaolin may react chemically with components of the ash to 
produce a more friable deposit [lo]. Deposits collected during limestone and 
tricalcium silicate addition lacked this feature, indicating that sticking 
coefficient reductions measured during these tests may have been due to deposit 
erosion. 

CONCLUSIONS 

I n  general, tricalciwn silicate and limestone were marginally effective at 
reducing the sticking coefficient of the coal at the lower reactor temperature. 
Both additives tended to reduce the effectiveness of target cooling for lower- 
ing the sticking Coefficient. Thus, while limestone addition lowered the 
sticking coefficient at 1300 C with no target cooling, the sticking coeffi- 
cient was lower without the additive when the target was cooled. Kaolin was 
very effective at reducing both the sticking coefficient and the adhesion 
strength of the ash deposits, and produced the lowest sticking coefficient 
measured for the baseline coal. The data showed that the proper combination 
of gas temperature, surface temperature, and additive can he an effective 
means of minimizing the detrimental effects of ash deposition in coal-fired 
gas turbines. 
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I 

Coal 
Rank 

Arkwright Blue Gem 
Pittsburgh (Cleaned) 
Bituminous Bituminous 

% ASTM Ash 

Ash Comp. (Wt%) 

SiO, 
A1,0, 
Fe,O, 
TiO, 
P20s 
CaO 
MgO 
KzO 
Na,O 
so, 

Ash Fusion Temp. (C) (f 40) 

(ASTM, 1977) 
Initial Deformation 
Softening 
Hemispherical 
Fluid 

6.93 

48.09 
25.07 
10.95 
1.27 
0.18 
5.78 
1.25 
1.16 
0.90 
5.34 

1 ,I 90 
1.31 6 
1,356 
1,383 

Table 1 : Ash Characteristics 

Deposition 

Pressure 
Surface 

Alrfoll 
Leadlng 

GasiParticle Flow Suction 
Surface 

t -  

0.56 

16.86 
22.75 
29.57 
1.95 
0.48 
7.03 
2.46 
0.53 
1.54 
8.07 

1,238 
1,308 
1,371 
1.427 

Particle'capture L Deposition 
Zone 

Figure 1 : Particle Deposition on a Gas Turbine Vane 
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Item Test Section 
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Figure 2: CDER System Design Specifications 
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Figure 3: CDER Nozzlemarget Assembly 
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